The c-myc gene encodes a nuclear phosphoprotein that has been implicated in the regulation of cell proliferation and the development of human tumors (23, 28) . c-Myc is a helix-loophelix-leucine zipper protein that binds DNA as a heterodimer with Max protein to activate or repress transcription (5, 10, 11) . In addition, Myc can complex with Miz to mediate gene repression (33) . Miz-1, however, lacks a nuclear localization signal and is observed to accumulate in the cytoplasm in association with microtubules. Overexpression of c-Myc stimulates Miz-1 import to the nucleus, where it is proposed to act as a repressor of transcription (33) . Since c-Myc was previously shown to associate with ␣-tubulin and microtubules in vitro and in vivo (2) , it has been proposed that microtubules may act as a cytosolic anchor for both Myc and Miz-1 and to regulate Myc nuclear import (33) .
Nuclear import of Myc, however, has been shown to be blocked in both human myeloid leukemia cells and neuronal cells during differentiation, where c-Myc or N-Myc, respectively, was observed to accumulate in the cytoplasm (12, 43) . In addition, c-Myc is stored in the cytoplasm in nondividing Xenopus oocytes and is rapidly translocated to the nucleus upon fertilization (19) . These findings suggested that cytoplasmic-nuclear exchanges of c-Myc may play an important role in the control of proliferation, differentiation, and development (43) and also implied that microtubules may play a role in sequestration of c-Myc in the cytoplasm (2) , although the mechanism of such interaction remains to be determined.
It has been shown that binding of c-Myc to ␣-tubulin in vitro is mediated through the N-terminal domain of c-Myc (2), which is essential for the transcriptional transactivation and repression as well as transforming activities of the c-Myc protein (27) . Several lines of evidence have accumulated indicating that Thr-58 is an important functional residue in the N terminus of the c-Myc protein. For example, mutation of Thr-58 to alanine increases the ability of c-Myc to induce focus formation in embryo fibroblast (17, 34) and enhances the ability of c-Myc-transfected Rat 1A cells to grow in soft agar (22, 24) . In addition, Thr-58 is a target for mutations in the majority of v-Myc proteins that are highly transforming relative to v-Myc alleles that retain Thr-58 (8, 32 ; T. S. Papas and J. A. Lautenberger, Letter, Nature 318:237, 1985), and restoring Thr-58 to the v-Myc protein inhibits its ability to transform cells in culture (41) . The observation that Burkitt's lymphoma (BL) tumors frequently contain naturally occurring somatic mutations in Thr-58 (4, 45) further suggests that this is an important functional site within the c-Myc protein. It has also been reported that mutation at Thr-58 leads to hyperphosphorylation of c-Myc at the adjacent Ser-62 site (24, 30) . Although the role of Ser-62 remains controversial (22, 34) it has been suggested that phosphorylation at Thr-58 transduces a negative growth signal (22, 34) , which may explain the growth-proliferative phenotype of the Thr-58 mutants.
Since the interaction of c-Myc and ␣-tubulin in vitro has been previously localized to amino acids 48 to 135 in the N-terminal domain of c-Myc (2), we investigated whether mutations at Thr-58 in c-Myc from BL cells affect the binding to ␣-tubulin. We demonstrated that the Thr-58-to-Ala mutation in c-Myc from BL cells results in constitutive hyperphosphorylation of c-Myc with disruption of Myc-␣-tubulin binding in vivo. Since hyperphosphorylation of mutant c-Myc was associated with disruption of Myc-␣-tubulin binding and since the N-terminal domain of wild-type (wt) c-Myc is hyperphosphorylated during mitosis (29), we examined binding of wt c-Myc to ␣-tubulin in HeLa cells arrested at the mitotic stage of the cell cycle. We showed that c-Myc-␣-tubulin interaction is also disrupted during mitosis-specific hyperphosphorylation of c-Myc. These data demonstrate that the c-Myc-␣-tubulin interaction is regulated by the phosphorylation state of c-Myc and suggest that the loss of c-Myc-␣-tubulin interaction at mitosis may be a physiologic requirement for cell division, while disruption of In vivo labeling and phosphopeptide analysis. Cells were labeled with [ 32 P]orthophosphate for 4 h in DMEM-3% dialyzed fetal calf serum. Labeled c-Myc protein was immunoprecipitated from cells with anti-MycFL (39), separated by SDS-PAGE, transferred to nitrocellulose, and digested off the membrane with 10 g of thermolysin (Worthington Biochemicals). Digestion was followed by performic acid oxidation for 1 h at 0°C. Peptides were then washed twice with H 2 O and lyophilized. The digested fragments were separated in the first dimension by electrophoresis using a Hunter thin-layer electrophoresis chamber in pH 1.9 buffer (1.5 kV, 30 min) and then separated in the second dimension by ascending chromatography in the phosphochromatography buffer (7) .
Synchronization and in vivo labeling of HeLa cells. HeLa cells were synchronized with a double thymidine block as previously described (40) . Cells were labeled with [
32 P]orthophosphate 2 h before harvest. Labeled c-Myc protein was immunoprecipitated from cells with anti-c-Myc (Ab-3) and anti-␣-tubulin, resolved by SDS-PAGE, and visualized by autoradiography. Duplicate cultures were harvested at different time points, and cell cycle analysis was performed (FAST Systems, Inc., Gaithersburg, Md.).
RESULTS
Mutated c-Myc with altered mobility does not bind ␣-tubulin in vivo. Since the N-terminal domain of c-Myc was shown to interact in vivo and in vitro with ␣-tubulin and polymerized microtubules (2), we sought to determine whether mutations frequently found in the N-terminal region of c-Myc from BL cells would affect the binding to ␣-tubulin. We immunoprecipitated protein extracts from BL cells with a monoclonal antibody directed against ␣-tubulin, followed by immunoblotting with anti-c-Myc. We found that anti-␣-tubulin coprecipitated both c-Myc and ␣-tubulin from Raji and KK124 BL cells, while the binding was defective in the PA682 and Wilson BL cell lines (Fig. 1A) . In addition, ␣-tubulin was coprecipitated with c-Myc from the Ramos and Daudi BL cell lines (data not shown). Immunoblot analysis of the c-Myc protein species from the different lymphoma samples showed that the migration of c-Myc from PA682 and Wilson cells was slightly slower than the migration of p64 c-Myc from Raji, KK124, Ramos, and Daudi BL cells (Fig. 1A , lanes 1 to 4, and data not shown). Since c-myc encodes two related proteins, p64 (Myc 2) and p67 (Myc 1) (21) , that can both be phosphorylated, we compared the migration of the endogenous c-Myc species from PA682 cells with the pattern observed in cells transfected with either recombinant p64 or p67 protein (6) . The two expression vectors were designed to express exclusively p64 or p67 c-Myc protein by selectively mutating the individual translational start sites (6) . We found that c-Myc from PA682 cells migrated at an intermediate position between p64 and p67 (Fig. 1B, lanes 1 to  4) . To exclude the possibility that the absence of c-Myc-␣-tubulin interaction was due to reduced levels of c-Myc in PA682 cells (Fig. 1A) , we repeated the coimmunoprecipitation experiment using a threefold increase in the amount of protein extracts from PA682 cells compared to Raji cells, and we still did not detect binding between c-Myc and ␣-tubulin in the PA682 cells (Fig. 1B, lanes 5 and 6) . In contrast, both recombinant p64 and p67 Myc proteins from the transfected cells bound equally well to ␣-tubulin (Fig. 1C) . To confirm the specificity of c-Myc antibody, we demonstrated that addition of a c-Myc-specific peptide blocked the ability of the c-Myc antibody to react with the immunoprecipitated tubulin complex that contains c-Myc (Fig. 1C, lanes 7 to 9) .
Constitutively hyperphosphorylated mutant c-Myc from BL cells is associated with defective Myc-tubulin binding in vivo.
To determine which specific mutations in c-Myc from these cell lines were associated with defective ␣-tubulin interaction, we obtained nucleotide sequences of c-myc from the BL cells that were not previously published. Nucleotide sequence analysis obtained for the entire coding region of the PA682 c-myc genomic clone revealed the presence of an A-to-G transition that resulted in an threonine-to-alanine substitution at position 58 (Fig. 2) . Nucleotide sequence analysis of c-myc from the Wilson cell line also revealed the presence of a mutation at position 58 which resulted in a threonine-to-isoleucine substitution at position 58 (Fig. 2) . Although the c-Myc-coding region derived from Raji cells has been reported to contain numerous mutations, the specific mutations differ between independent laboratories (1, 36) . We isolated multiple cDNAs from Raji cells using reverse transcription-PCR methodology and found that 50% of the cDNA clones contained wt alleles and the other half contained mutant mRNA which included changes at Arg-10, Glu-39, and Thr-58. Since c-myc in Raji cells migrates as p64, and not as the slower p66 form detected in the PA682 and Wilson cell lines, our results suggest that ␣-tubulin may coprecipitate with c-Myc translated either from the p64 wt allele (3, 35) or with mutant p64 c-Myc which has not been hyperphosphorylated. The c-myc in KK124 cells consists of wt sequences (4), migrates as p64 Myc, and is coprecipitated by ␣-tubulin. Moreover, c-Myc-␣-tubulin interaction was observed in two additional BL cell lines, Ramos and Daudi, which also express a wt p64 c-Myc protein (36, 44) . In summary, (i) the PA682 and Wilson BL cells have the Thr-58 mutation and migrate as p66 c-Myc; (ii) the Ramos, Daudi, and KK224 cells have wt c-Myc sequences; and (iii) the Raji cells express both wt and mutated c-Myc alleles. The nucleotide sequence analysis combined with the c-Myc migration profile on SDS-PAGE suggest that ␣-tubulin can interact with wt or mutant p64 but not with the mutated p66 c-Myc.
To investigate whether a naturally occurring mutation in Thr-58 was responsible for the disruption of Myc-␣-tubulin binding in PA682 cells, we transiently expressed a Thr-58Ala mutated c-myc isolated from PA682 cells (pSV-MycPA) as well as a wt c-myc control (pSV-Myc) in Cos cells and analyzed binding of the transfected c-Myc to ␣-tubulin. Protein extracts isolated from transfected or control Cos cells were immunoprecipitated with anti-␣-tubulin and immunoblotted with antic-Myc. We found that ␣-tubulin antibodies precipitated both wt c-Myc and mutant c-Myc isolated from PA682 cells (PAMyc), demonstrating that a mutation in Thr-58 alone was not sufficient to abolish c-Myc-␣-tubulin interaction in vivo (Fig.  3) . However, we observed that the recombinant PA-Myc in Cos cells comigrated with the p64 wt Myc on SDS-PAGE (Fig.  3) . The protein band detected just above p67 Myc is a nonspecific signal, since it was not blocked with the specific peptide used to raise the c-Myc antibody (data not shown). Thus, the slightly retarded shift in the migration of c-Myc in PA682 cells (Thr-58 mutant) may be due to posttranslational modification such as hyperphosphorylation that occurs in PA682 but not in Cos cells.
To test if the difference in migration of wt and mutant c-Myc in PA682 cells is due to hyperphosphorylation, we immunoprecipitated c-Myc from PA682 cell extracts and subjected the precipitated protein to phosphatase treatment. We found that following PAP treatment, the mobility of c-Myc from PA682 cells shifted to a single band that comigrates with the p64 4) and for immunoprecipitation with anti-␣-tubulin followed by immunoblotting with anti-c-Myc (lanes 5 and 6). Anti-c-Myc immunoblots of HEK293 cells transiently transfected with p64 and p67 c-myc constructs (6) were used as size marker controls for p64 and p67 (lanes 1 and 2). (C) HEK293 cells transiently transfected with p64 and p67 c-myc (lanes 1 to 3) were immunoprecipitated with anti-␣-tubulin, followed by immunoblotting with anti-c-Myc (lanes 4 to 9). Blocking of antibody was performed by incubating c-Myc peptide with the c-Myc antibody clone 9E10 as previously described (15) . IgH, heavy-chain mmunoglobulin. Numbers on the right are molecular masses in kilodaltons. (29), we hypothesized that c-Myc-␣-tubulin interaction may also be disrupted at the onset of the mitotic stage of the cell cycle. To address this issue, HeLa cells were treated with nocodazole and the protein extracts from both unsynchronized and mitosis-arrested cells were immunoprecipitated with anti-␣-tubulin and immunoblotted with anti-c-Myc. We found that hyperphosphorylated c-Myc from synchronized mitotic cells lost the ability to interact with ␣-tubulin in vivo (Fig. 5A , lanes 2 and 4) compared to the p64 c-Myc control from unsynchronized cultures (Fig. 5A, lanes 1 and 3) . The loss of c-Myc-␣-tubulin binding during mitosis was not due to lower levels of ␣-tubulin in the nocodazole-treated cells, since equal levels of ␣-tubulin were detected in unsynchronized and mitotic cells (Fig. 5B) . The hyperphosphorylation of mitotic c-Myc and the lack of its interaction with ␣-tubulin are not due to nocodazole treatment, since mitotic arrest with a double thymidine block gave similar results (Fig. 5C ). HeLa cells were tested for cell cycle progression at 0, 3, and 6 h following thymidine removal. At 6 h following thymidine release, cells were detected at the G 2 /M phase by flow cytometry (data not shown). To test whether c-Myc interacts with ␣-tubulin during mitosis, cells were labeled with [ 32 P]orthophosphate for 2 h before harvest and protein lysates were prepared at 20-min intervals (Fig. 5C ). Cell lysates were immunoprecipitated with either anti-␣-tubulin or anti-c-Myc, and 32 P-labeled c-Myc was detected by autoradiography. At 6 h following thymidine release, we observed that the amount of c-Myc bound to ␣-tubulin decreased, and the binding was abolished when cells entered mitosis (Fig. 5C,  lanes 4 and 5) .
Phosphopeptide (Fig. 6B ). In addition, we performed phosphopeptide mapping of c-Myc from Cos cells transiently transfected with wt and mutated c-myc expression plasmids. We observed phosphorylation at Thr-58 and Ser-62 in c-Myc from Cos cells transfected with wt c-Myc (spot b) but not in c-Myc from Cos cells transfected with the mutant c-myc gene, which was isolated from PA682 cells (Fig. 6C) . In comparison to our wt c-Myc maps, we did not detect a unique phosphorylation site in the endogenous c-Myc from PA682 or Wilson cells, nor did we find qualitative differences in the phosphorylation sites between the endogenous c-Myc from BL cells and Expression of exogenous wt c-Myc in PA682 cells. To examine whether the change in the migration of c-Myc observed in PA682 cells is due to the mutation at Thr-58 or whether it is due to a constitutively high kinase activity in the host BL cells, we expressed wt c-Myc in PA682 cells and compared its properties to those of the endogenous mutant c-Myc in these cells. We found that stable transfection of wt c-myc into PA682 cells resulted in a c-Myc product that comigrated with the wt 64-kDa species in SDS-PAGE (Fig. 7) . We also transfected c-myc expression plasmids that encoded p64 c-Myc or both p64 and p67 proteins and a control expression vector that did not contain the c-myc gene. Stable G418-resistant clones were derived by serial dilution, and protein extracts were analyzed by immunoblotting with anti-c-Myc. All 10 clones derived after transfection of the PA682 cells with the empty control vector expressed only the endogenous slower-migrating c-Myc protein (representative clone 1) (Fig. 7, lane 1) . In contrast, seven clones derived from cells transfected with either the p64-or p64-and p67-encoding plasmids expressed exogenous c-Myc that comigrated at the expected size of 64 kDa (Fig. 7) and could be coprecipitated with ␣-tubulin (data not shown). Stable expression of wt c-Myc in PA682 cells, therefore, leads to detection of both the endogenous slower-migrating Thr-58Ala-mutated c-Myc and the exogenous p64 c-Myc (Fig. 7) . These results suggest that the slower migration of the endogenous Thr-58Ala mutant is not due solely to the intrinsic properties of the Myc kinase system in PA682 cells.
The PA682 transfectants that expressed both wt and mutant c-Myc provided an excellent model system to compare the phosphorylation sites between these two protein species in the same cell background. Stable clones that expressed either the p64 Myc or p64-p67 c-Myc were labeled with [
32 P]orthophosphate. The exogenous and endogenous c-Myc proteins were then resolved by SDS-PAGE and excised from the gel, and phosphopeptide mapping analysis was performed. We found that the exogenous p64 wt c-Myc gave rise to spot b (Fig.  8B and C, right panels) representing Thr-58 and Ser-62, while this phosphorylation site was missing from the endogenous p66 Myc due to Thr-58Ala mutation (Fig. 8A and B and C, left panels). We did not observe any phosphorylation sites that were different in the endogenous c-Myc from PA682 cells. These data are consistent with our earlier phosphopeptide mapping experiments where we compared the phosphorylation sites between c-Myc proteins from PA682 and Daudi cells (Fig. 6B) .
Increase in stability of c-Myc in PA682 and Wilson cells. c-Myc is a highly unstable protein, with a half-life of 15 to 30 min (20) . It has been recently shown that the c-Myc protein is degraded by ubiquitin-mediated proteolysis (16, 18, 38) and that cancer-associated mutations in c-Myc stabilize the protein (18, 38) . Transfection of Thr-58Ala-mutated c-Myc into U2OS or 3T3 cells demonstrated that the mutated protein was more stable than the wt counterpart (18, 38) . Moreover, c-Myc was stabilized in BL cells that contain mutations in the vicinity of Thr-58 which are known to abolish Thr-58 phosphorylation (18) . Thus, we asked whether the naturally occurring Thr-58 mutations in PA682 and Wilson BL cells affect the stability of c-Myc in vivo. To determine whether c-Myc stability was increased in PA682 and Wilson cells compared to Daudi cells, which contain wt c-Myc, a pulse-chase analysis was performed. We found that the stability of mutant c-Myc from PA682 and Wilson cells was increased threefold as compared to the stability of wt c-Myc from Daudi cells (Fig. 9A) . These in vivo results confirm the in vitro results (16, 38) and suggest that a Thr-58 mutation in c-Myc contributes to the increased stability of the c-Myc protein.
We also transfected a c-myc genomic clone isolated from PA682 cells (pSV-MycPA), as well as a wt c-myc genomic clone (pSV-Myc), into Cos cells and compared c-Myc protein turnover. We observed again that the hyperphosphorylated Thr-58 mutant c-Myc in PA682 does not undergo hyperphosphorylation in Cos cells (Fig. 3 and 4) , and we observed a small difference in the protein half-life between the Thr-58 mutant and the wt c-Myc when transiently expressed in these cells (Fig.  9B ). This suggests that while the Thr-58 mutation may contribute to increased stability, the major determinant of stability may be cell dependent.
DISCUSSION
The N-terminal domain of c-Myc, which is required for transformation and transcriptional activity, has been shown to interact with ␣-tubulin and polymerized microtubules in vitro and in vivo (2) . In this study we have demonstrated that the interaction of c-Myc with ␣-tubulin is regulated by the phosphorylation state of c-Myc in a cell cycle-dependent manner. We observed that c-Myc hyperphosphorylation during mitosis results in a loss of c-Myc-␣-tubulin interactions in vivo. Similarly, we demonstrated that a naturally occurring mutated c-Myc from BL cells was associated with constitutive hyperphosphorylation of c-Myc and loss of ␣-tubulin binding in vivo. We isolated the c-myc gene from PA682 BL cells and found that it contained only one nucleotide substitution, which resulted in a Thr-58Ala mutation in the c-Myc protein. Mutations at Thr-58 have been observed frequently in BL samples (4, 45) as well as in each of the three different avian acute transforming retroviruses that carry the v-myc oncogene (Papas and Lautenberger, Letter, Nature, 1985). Since it has been shown that Thr-58 mutants result in enhanced transformation activity, the phosphorylation on Thr-58 was suggested to play an inhibitory role in cell growth control (22, 34) . Our results suggest that loss of Thr-58 may not solely account for the molecular weight shift of the mutant c-Myc in PA682 cells, since transfected Thr-58Ala-mutated c-Myc migrates similarly to the wt p64 c-Myc protein. In addition, the shift in molecular weight of mutated c-Myc observed in PA682 cells was not associated with a qualitative change in the phosphopeptide mapping pattern, aside from the loss of the Thr-58 site, compared with wt p64 c-Myc protein expressed in PA682 cells.
The shift in molecular weight of the mutant c-Myc protein from PA682 cells resembles the reversible shift of c-Myc observed in HeLa cells during mitosis, and in both cases this shift is collapsed to the faster p64 pattern by phosphatase treatment (Fig. 4) (29) . Observations with 32 P-labeled mitotic HeLa cells further suggest that phosphorylated c-Myc does not interact with ␣-tubulin during the mitotic stage of the cell cycle. Phosphopeptide mapping of c-Myc from mitotic or interphase cells in prior studies did not detect the appearance of novel M phase-specific phosphopeptides (29) , and it was suggested that either the M phase-and interphase-specific phosphorylation sites may cluster to the same peptides or the increased apparent molecular weight may be the result of a combinatorial effect of several phosphorylation sites (29) . This model therefore suggests that a quantitative increase in phosphorylation occurs during mitosis in the wt c-Myc or constitutively in mutant c-Myc from PA682 or Wilson cells (29) . However, since there are 10 potential phosphorylation sites that have been described for the c-myc gene, with five of them clustering in the N-terminal portion of the protein (31), it seems unlikely that multiple kinases would be mitosis specific or Thr-58 mutation dependent. Alternatively, a unique site-specific hyperphosphorylation that is Thr-58 mutation-dependent and mitosis-specific may be occurring in PA682 or Wilson cells, but the 2D mapping cannot adequately resolve the unique phosphopeptides.
Since c-Myc is a transcription factor that is located predominantly in the nucleus, the question remains whether the interaction of c-Myc with microtubules occurs in the cytoplasm during interphase or whether this interaction takes place during mitosis following nuclear membrane dissolution. Since c-Myc-␣-tubulin interactions were absent during the M phase of the cell cycle and since ␣-tubulin is not detected in the nucleus during interphase (2), our data suggest that c-Myc-␣-tubulin interaction may take place in the cytoplasmic fraction. c-Myc has been shown to accumulate in the cytoplasm in differentiating myeloid and neuronal cells (12, 43) , and it was also proposed that subcellular localization of c-Myc may be dependent on the proliferation state of the cell (19, 42) . Moreover, it was recently shown that the cytoplasmic protein termed Miz-1, which binds to c-Myc, associates with microtubules and can target c-Myc to the microtubules network before translocation to the nucleus (33). Thus, it was proposed that microtubules might served as a reservoir to sequester c-Myc and to regulate its cellular compartmentalization and transcriptional activity (2) . We have previously shown that 5 to 10% of c-Myc was found bound to ␣-tubulin following two cycles of polymerization and depolymerization of microtubules in vitro. In addition, similar amounts of c-Myc were detected in the cytoplasm of interphase HeLa cells (2) . The amount of c-Myc found in the cytoplasm, however, is dependent on the cell type and the proliferation state of the cell. We recently observed predominantly cytoplasmic localization of c-Myc in quiescent normal human foreskin fibroblasts, compared to growing cells where Myc was found predominantly in the nuclear fractions. Treatment of quiescent cells with colchicine, an agent known to disrupt the microtubule network, resulted in translocation of c-Myc into the nuclear fraction (data not shown), suggesting again that Myc may be bound to microtubules in nondividing cells.
c-Myc is a highly unstable protein (half-life of 15 to 30 min) that is regulated by ubiquitin-mediated proteolysis (16, 18, 38) . Accordingly, the instability of c-Myc protein is believed to be important in preventing its accumulation in normal cells. It has also been shown that a mutation of Thr-58 stabilizes c-Myc when ectopically expressed in U20S and 3T3 cells (18, 38) . We have extended this observation in an in vivo system by showing that the stability of c-Myc was increased in BL cells containing a naturally occurring Thr-58Ala mutation that was associated with constitutive hyperphosphorylation of c-Myc. At the same time we showed that the Thr-58 mutant c-Myc from BL cells does not bind with ␣-tubulin. In addition, mitotic c-Myc, which migrates slower then interphase c-Myc and behaves similarly to (29), hyperphosphorylation of the protein results in loss of binding to ␣-tubulin and increased protein stability. Substrate phosphorylation has been shown to be required for protein degradation by the ubiquitin pathway (14, 25) , and thus our in vivo results support the in vitro model, which proposes that the phosphorylation status of Thr-58 in c-Myc may play a role in rapid c-Myc degradation (38) . However, our results agree with a previous study (18) and suggest that a primary determinant of c-Myc turnover is cell type dependent. Future studies will establish whether enhanced protein stability contributes to oncogenic transformation by mutant c-Myc and define whether microtubules play a direct role in the regulation of c-Myc stability and oncogenic activity.
